INTRODUCTION
The tumor suppressor p53 is a sequence-specific transcriptional regulator that is expressed at low levels in normal cells. Following DNA damage, hypoxia, oncogene activation and a variety of other stimuli, p53 becomes upregulated resulting in growth arrest, apoptosis and DNA repair, among other responses. These are mediated by multiple factors including p21, 14-3-3σ, Cdc25C, Bax, PUMA and Noxa, whose expression is induced or repressed by p53. 1 Consistent with a role in monitoring genomic integrity, p53 is mutated or inactivated in most human cancers, and p53-deficient mice develop early spontaneous tumors. 2, 3 Owing to its growth-suppressive function, p53 protein levels and transcriptional activity are tightly regulated. Particularly important in this response are two proteins, Mdm2 and Mdm4 (also known as MdmX in humans). Mdm2, another target gene induced by p53, encodes an E3 ligase that ubiquitinates p53 and promotes its proteasome-mediated degradation, creating a negative feedback loop. 4 In addition to regulating p53 stability, Mdm2 also inhibits its transcriptional activity by binding to and occluding the p53 transactivation domain, a property shared with Mdm4. 5, 6 Both Mdm2-and Mdm4-deficient mice die during embryogenesis presumably owing to excessive p53 activity as the lethality can be rescued by deletion of p53. [7] [8] [9] Mdm2 is found overexpressed in some tumors, also consistent with its role as a negative regulator of p53. 10 However, identification of genetic alteration of both p53 and Mdm2 in the same tumor samples indicated that Mdm2 might have p53-independent functions, many of which have been described. 11 Finally, several reports have hinted that Mdm2 can in fact induce the opposite effect and have a role in promoting growth arrest. [12] [13] [14] [15] [16] [17] Cdc25C is a dual specificity phosphatase that promotes entry into mitosis by removing the inhibitory phosphates on cyclindependent kinases. Inhibition of Cdc25C activity is critical for the G2 checkpoint and is achieved by several mechanisms. Cdc25C has been shown to become phosphorylated following DNA damage, which results in inhibition of its activity and relocation to the cytoplasm. 18 Cdc25C expression is also downregulated in response to DNA damage. [19] [20] [21] [22] Previous work in our laboratory identified the cdc25C gene as a target for direct transcriptional repression by p53. Cdc25C downregulation was shown to be required for maintenance of the G2 arrest following DNA damage, and overexpression of Cdc25C abrogated this checkpoint following ionizing radiation. 23 In this report, evidence for an additional mechanism of inhibition of Cdc25C is presented. We show that Mdm2 interacts with Cdc25C and promotes its degradation through the proteasome in a ubiquitin-independent manner. Moreover, either Mdm2 overexpression or Cdc25C downregulation delays cell cycle progression through the G2/M phase.
RESULTS
Cdc25C protein is downregulated in a p53-dependent manner in response to a variety of stimuli Previous studies have shown that the cdc25C gene is repressed by multiple transcriptional mechanisms following activation of p53 by DNA damaging agents such as the topoisomerase II poison doxorubicin. [19] [20] [21] [22] 24, 25 Cdc25C protein levels were also downregulated following ribosomal stress caused by treatment of HCT116 cells with low doses of actinomycin D ( Figure 1a) . As is the case with doxorubicin, this decrease in Cdc25C protein was not observed in the p53-null HCT116 isogenic derivative, confirming the p53-dependence of this regulation ( Figure 1a ). In addition, Cdc25C protein was downregulated by treatment with actinomycin D in U2OS stable clones expressing a control shRNA, but not when p53 expression was ablated by shRNA ( Figure 1b ). Nutlin-3 is a small molecular weight compound that disrupts the p53-Mdm2 interaction leading to p53 stabilization. 26 Treatment with nutlin-3 also decreased Cdc25C protein levels in a p53-dependent manner (Figure 1b) . Both actinomycin D and nutlin-3 triggered G1 and G2 arrest of the cell cycle in wild-type p53-expressing U2OS cells, that was not seen in the p53-ablated clone (Figure 1c) . These results indicate that Cdc25C repression is p53-dependent. The downregulation of Cdc25C mRNA and protein had been shown to occur in a p21-independent manner in some cell lines but this is not the case for HCT116 cells. 23 Treatment of p21-null HCT116 cells with doxorubicin did not affect cdc25C mRNA levels (Figure 1d ). However, in this cell line, Cdc25C protein was still significantly downregulated ( Figure 1e ). This observation led to the hypothesis that there must be an additional mechanism of regulation for Figure 1 . p53 regulates Cdc25C protein stability upon activation. (a) p53 wild-type and p53-null HCT116 cells were treated with 5 nM actinomycin D or 100 ng/ml doxorubicin. Twenty-four and 48 h after treatment, cell lysates were immunoblotted. (b) Stable U2OS clones expressing control or p53 shRNA were treated with 5 nM actinomycin D or 2.5 μM nutlin-3. Forty-eight hours after treatment, cell lysates were immunoblotted. (c) Cells treated as in B were stained and cell cycle profile was analyzed by flow cytometry. (d) Wild-type and p21-null HCT116 cells were treated with 500 ng/ml doxorubicin and subjected to RT-PCR analysis at the indicated time points. (e) p21-null HCT116 cells were treated as in (d). Twelve, 24 and 48 hours after treatment, cell lysates were immunoblotted. (f) HCT116 cells were treated with 100 ng/ml doxorubicin when indicated. Twenty-four hours after treatment, cells were treated with 100 μg/ml cycloheximide and harvested at the indicated time points. Normalized Cdc25C levels quantified by densitometry are shown. Statistical analysis of the slopes using covariance analysis was performed using StatsToDo software (http://www.statstodo.com).
Cdc25C protein levels following DNA damage. Indeed, examination of Cdc25C protein stability by cycloheximide chase revealed that Cdc25C becomes destabilized following treatment with doxorubicin ( Figure 1f ). This result shows that Cdc25C levels are regulated both at the mRNA and protein levels in response to DNA damage and p53 activation.
Cdc25C protein is not downregulated upon induction of p53 after Mdm2 knockdown Downregulation of Mdm2 by transient transfection of U2OS with siRNA oligonucleotides increased p53 to levels similar to those obtained following treatment with doxorubicin ( Figure 2a ). Gene expression analysis by quantitative RT-PCR showed that p53 upregulated by Mdm2 siRNA was transcriptionally active, and p53 could both induce and repress the expression of several target genes. 27 In particular, p53 downregulated cdc25C mRNA levels, and the extent of the repression was comparable following downregulation of Mdm2 or treatment with doxorubicin ( Figure 2b ). Doxorubicin also caused downregulation of Cdc25C protein and, consistent with that, Cdc2 was found in its hyperphosphorylated, inactive state, as shown both by its migration pattern in gel electrophoresis and its reduced histone H1 kinase activity (Figures 2a and c) . Cyclin B1 levels were also upregulated by doxorubicin, possibly due to the higher proportion of cells in the G2 phase during which Cyclin B1 levels peak 28 Figure 2. The cdc25C gene is repressed but Cdc25C protein is not downregulated, Cdc2 kinase activity is not inhibited, and cell fails to arrest when p53 is upregulated after Mdm2 siRNA. (a-c) U2OS cells were transfected with control or Mdm2 siRNA or treated with 20 ng/ml doxorubicin. Forty-eight hours after treatment, protein levels in the cell extracts were assayed by immunoblotting (a), total RNA was extracted and Cdc25C mRNA levels were measured by quantitative RT-PCR (b), Cyclin B1 was immunoprecipitated and the associated Cdc2 was assayed for histone H1 kinase activity (c). The indicated values are the average of three independent experiments. Error bars represent s.d. (d) Cell cycle profile of U2OS cells was analyzed by flow cytometry. (e) G361 and WI-38 cells were transfected with control or Mdm2 siRNA or treated with 100 ng/ml doxorubicin. Forty-eight hours after treatment, protein levels in the cells extracts were assayed by immunoblotting. (f) U2OS and H1299 cells were transfected with control or Mdm2 siRNA. Forty-eight hours after treatment, protein levels in the cells extracts were assayed by immunoblotting. (Figures 2a and d) . Of note, Cyclin B1 is reportedly downregulated at the transcriptional level following persistent DNA damage. 22, 29 This is also observed under the conditions used here at later time points (data not shown). The downregulation of Cdc25C protein levels by doxorubicin was also observed in two other tumor cell lines, HT1080 and G361, as well as in the normal, diploid WI-38 fibroblasts (Figure 2e and data not shown). However, p53 upregulated by ablation of Mdm2 failed to induce downregulation of Cdc25C protein in all the cell lines tested (Figures 2a and e) . Moreover, in U2OS cells, Cdc25C protein levels were, in fact, upregulated following Mdm2 depletion by siRNA (Figures 2a and  f) . The Cdc2 kinase remained active, showing a predominant band corresponding to its unphosphorylated form (lower band, Figure 2a ) and only a slight decrease in its associated kinase activity (Figure 2c ). Consistent with the findings involving Cdc25C and Cdc2, treatment with doxorubicin caused a predominant G2 arrest (Figure 2d ). In contrast, no significant differences were observed in the cell cycle profile of several cell lines transfected with Mdm2 siRNA, despite their comparable p53 levels ( Figure 2d and data not shown). We have previously shown that Mdm2 is required for efficient Cdk2 inhibition by p21, which explains the absence of cell cycle arrest in cells with downregulated Mdm2. 27 Taken together, these results revealed a significant disconnect between cdc25C mRNA and Cdc25C protein levels, supporting the previously published observation using p21-null HCT116 cells (Figure 1d and e) . 23 More importantly, they suggest that Mdm2 has a direct role in the regulation of Cdc25C.
To further explore the effects of Mdm2 on Cdc25C protein levels, wild-type p53-expressing U2OS and p53-null H1299 cells were transfected with a pool of Mdm2 siRNA oligonucleotides. p21 was found upregulated in both cell lines, consistent with previously reported studies showing that Mdm2 regulates p21 stability ( Figure 2f, Supplementary Figure S1a) . Mdm2 has been shown to negatively regulate p21 protein levels in a p53-independent manner, which can account for this increase in the p53-null H1299 line. [30] [31] [32] In U2OS cells, upregulation of endogenous p21 is likely to be the result of a combined effect of the increase in p53 levels and transcriptional activity, as well as the increased stability of the p21 protein. Cdc25C levels were found to be upregulated in both cell lines, suggesting that Mdm2 negatively regulates Cdc25C protein levels, and that this effect is not dependent on p53 (Figure 2f ). This observation was confirmed using single independent Mdm2 siRNA oligonucleotides (Supplementary Figure S1b) . Taken together, these findings point to Mdm2 as a key player in the regulation of Cdc25C protein levels.
Mdm2 regulates Cdc25C levels in a p53-independent manner
The studies reported this far showed that ablation of endogenous Mdm2 expression led to an increase in Cdc25C protein. To determine whether increased expression of Mdm2 was sufficient to downregulate Cdc25C, H1299 cells were co-transfected with flag-tagged Cdc25C and increasing amounts of flag-tagged Mdm2 expression constructs. Overexpression of Mdm2 led to a dose-dependent decrease in the level of the transfected Cdc25C protein (Figure 3a) , as well as p53 and p21 protein levels (Supplementary Figures S1c and d) . GFP expression levels from a co-transfected plasmid were comparable between samples ruling out differences owing to transfection efficiency (Supplementary Figures S1e and f). Infection of U2OS cells with a recombinant adenovirus expressing Mdm2 also caused a decrease in the levels of endogenous Cdc25C, p53 and p21 proteins, compared with infection with a control adenovirus (Supplementary The tumor suppressor p14ARF has been shown to bind to and inhibit Mdm2 through various mechanisms, 33, 34 prompting an examination of its effect on Cdc25C levels. Transfection of ARF in H1299 cells caused an increase in Cdc25C protein levels (Supplementary Figure S2a) , confirming that inhibition of Mdm2 promotes Cdc25c stabilization. In contrast, Nutlin-3, which very specifically inhibits the p53-Mdm2 interaction, while preventing p53 degradation by transfected Mdm2, had no impact on its effect on Cdc25C protein levels (Supplementary Figure S2b) .
The C464A mutant of Mdm2 has previously been shown to lack ubiquitin ligase activity. 35, 36 It was therefore used in a cotransfection study in H1299 cells to assess the requirement for ligase activity on the effect of Mdm2 on Cdc25C. The mutated Mdm2 is unable to promote self-ubiquitination and degradation and thus is expressed at higher levels than wild-type Mdm2 , 500 ng of pCMV-Mdm2 and 500 ng of pCMV-GFP expression plasmids. Three hours after transfection, one set of dishes was maintained at 35˚C and the other placed at 39˚C for 24 h. Cell extracts were immunoblotted with human specific Cdc25C, p53 and Mdm2 antibodies, as well as actin and GFP antibodies. The indicated values are the average of three to five independent experiments. Error bars represent s.d. Statistical analysis corresponds to two-way ANOVA. Notations above error bars correspond to differences with respect to the CMV control. Differences between Mdm2 and C464A transfected samples are marked with brackets (***P o0.001, ns P40.05). (Figures 3b and c) . 35 This mutant was also impaired for downregulation of Cdc25C protein levels (Figure 3b ). Incubation with cycloheximide showed that the decrease in Cdc25C protein was due to a reduction in its half-life caused by wild-type Mdm2, but not by the C464A-Mdm2 mutant (Figure 3c ). Moreover, treatment of the cells with the proteasome inhibitor MG132 prevented the decrease of Cdc25C protein by Mdm2, suggesting that this effect is due to degradation of Cdc25C through the proteasome (Figure 3d ). Cdc25C migrates on polyacrylamide gels as a doublet, the upper band of which has been reported to correspond to the form phosphorylated on serine 216. 37 Upon checkpoint activation, modification of this residue has been shown to promote binding to 14-3-3 proteins, which in turn relocates Cdc25C to the cytoplasm. 37, 38 Interestingly, Mdm2 preferentially decreases the lower band of the Cdc25C doublet, whereas its effect on the upper form is comparatively reduced (Figures 3a and b and Supplementary Figures S3b and c) . Cotransfection studies using Cdc25C expression constructs bearing deletions and point mutations failed to identify a discrete region or amino acid of the protein as being required for its regulation by Mdm2 (Supplementary Figure S3a) . The levels of both ΔN and ΔC truncated proteins, but not the unrelated co-transfected GFP, were decreased by Mdm2. In addition, mutation of serine 216 to alanine or aspartic acid did not prevent the reduction of Cdc25C by Mdm2, suggesting that this process is not affected by the phosphorylation of Cdc25C at serine 216 (Supplementary Figure S3b) . Of note, both S216 mutants migrate as a single band with a mobility that corresponds to the lower band of the Cdc25C doublet, supporting the previously reported identity of this band. Finally, a C377S mutant of Cdc25C has been shown to be defective in its phosphatase activity. 39 Similarly to wild-type Cdc25C, the levels of the C377S mutant protein were reduced by Mdm2, indicating that the phosphatase activity of Cdc25C does not have a role in Cdc25C degradation (Supplementary Figure S3b) . Previous reports have provided evidence for a ubiquitin-and proteasome-dependent degradation of Cdc25C. 40, 41 In particular, an intact KEN box present in Cdc25C appears to be required for its efficient ubiquitination. 40 To gain insight into the mechanism leading to the downregulation of Cdc25C protein levels by Mdm2, a Cdc25C construct with a mutated KEN box (KEN to AAA) was cotransfected with Mdm2 in H1299 cells. Mdm2 was able to decrease the levels of the mutant Cdc25C, suggesting that the KEN box was not involved in this process (Supplementary Figure S3c) . Altogether, these results indicate that Mdm2 negatively regulates Cdc25C protein levels by promoting its degradation through the proteasome. Mdm2 appears to target preferentially the serine 216 non-phosphorylated form of Cdc25C and this process is substantially impaired by mutation of the RING domain of Mdm2. 
Mdm2 interacts with Cdc25C
In H1299 cells co-transfected with Cdc25C and C464A-Mdm2 expression plasmids, Cdc25C co-immunoprecipitates with Mdm2 and vice versa, indicating that the two proteins physically interact (Figure 4a ). The C464A-Mdm2 mutant was used to detect the Cdc25C-Mdm2 complex because of its higher expression level and its impaired downregulation of Cdc25C. Moreover, using cell lines with amplification of the Mdm2 gene and/or treatment with MG132 to stabilize both proteins, we were able to detect a complex between endogenous Cdc25C and Mdm2, further supporting this interaction (Figure 4b, Supplementary Figure S4a ). -p53 as a control) , as well as untagged Mdm2 and HA-ubiquitin expression plasmids, in the presence of the proteasome inhibitor MG132. Cells extracts were used for immunoprecipitation using anti-flag antibody followed by immunoblotting with anti-HA antibody, to detect specific ubiquitination of Cdc25C (Figure 4c) . Consistent with published studies, 40 ,42 a basal level of ubiquitination of Cdc25C was observed in cells transfected with flag-Cdc25C and HA-Ubiquitin (Figure 4c ). Coexpression of Mdm2 and p53 led to a substantial increase in p53 polyubiquitination (Figure 4c, lanes 7-8) . In contrast, Mdm2 transfection caused a slight reduction in the ubiquitination of Cdc25C both in the absence and presence of MG132 (Figure 4c,  lanes 1-2 and 3-4, Supplementary Figure S4b) . This might be due to competition between Mdm2 and endogenous Cdc25C E3 ligase (s) for binding to Cdc25C and for the limited pool of HA-ubiquitin. Thus, Mdm2 would promote the degradation of Cdc25C through a pathway that competes with its basal ubiquitin-dependent processing. Similar results were obtained using a 'denaturing' protocol to perform the immunoprecipitations, indicating that the detected HA signal corresponds to ubiquitinated Cdc25C and not to associated unrelated proteins (Supplementary Figure S4c) . Figures S4d and e) .
Mdm2 regulates
The results suggested that Mdm2 promotes the degradation of Cdc25C through the proteasome in an ubiquitin-independent manner. Importantly, there is precedent for this as a similar mechanism has been reported for p21 and pRb. 30, 43 To confirm this, Cdc25C was co-transfected with Mdm2 in the murine ts20 cells that express a temperature sensitive E1 ubiquitin-activating enzyme. 44 These cells have extensively been used to study the ubiquitin-dependence of degradation pathways of several proteins. [45] [46] [47] [48] At the permissive temperature, overexpression of wild-type but not C464A mutant Mdm2 caused a reduction in the protein levels of co-transfected p53. This downregulation was greatly impaired when ts20 cells were grown at the restrictive temperature (Figure 4d ). Of note, the C464A mutant appeared to have a dominant-negative effect on endogenous Mdm2, as p53 levels appear slightly increased at 35˚C (Figure 4d, right panel) . In contrast, Cdc25C levels were decreased by both Mdm2 constructs and to a similar extent at both temperatures (Figure 4d, left panel) . Given the enhanced expression of the C464A mutant, the downregulation of Cdc25C by this protein was significantly less efficient compared with wild-type Mdm2, consistent with previous observations (Figures 3b and c) . Taken together, these results suggest that Mdm2 interacts with Cdc25C and promotes its degradation through the proteasome in a ubiquitin-independent manner.
Mdm2 overexpression and Cdc25C downregulation delay cell cycle progression through the G2/M phase U2OS cells infected with control and Mdm2 expressing adenoviruses, synchronized at the G1/S border by a single thymidine block and, following release, the appearance of cells with 4 N or 2 N DNA content was determined. A greater fraction of cells with a 4 N DNA content followed by a slower (3-4 h) transition from a 4 N to a 2 N DNA content was observed in cells infected with AdMdm2. A consistent delay was observed as cells re-entered the following G1 phase (Figure 5a ). Similar results were obtained with U2OS cells transfected with control or Cdc25C siRNA ( Figure 6 ). Cells moved through S-phase at similar rates, as indicated by a nearly simultaneous completion of a 4 N DNA. However, a comparable delay in the decrease from a tetraploid to a diploid state was observed when Cdc25C was downregulated ( Figure 6 ). Taken together, the data indicates that either Mdm2 overexpression or Cdc25C downregulation delays cell cycle progression through the G2/M phase.
Cdc25C is downregulated through redundant mechanisms during the DNA damage response
The results presented so far showed that Mdm2 can promote the degradation of transfected or endogenous Cdc25C in basal conditions (in transfected cells, in the absence of DNA damage or other sources of stress). Moreover, Cdc25C protein stability is decreased following activation of p53 by doxorubicin. It was therefore sensible to reason that Mdm2 induced during the p53 response to stress could contribute to the downregulation of Cdc25C and the cell cycle arrest. Although it is well know that degradation of p53 by Mdm2 is prevented after DNA damage through post-translational modification of both proteins, it has also been shown that MdmX degradation by Mdm2 is induced following DNA damage. 49 To test whether a similar scenario could apply to Cdc25C, U2OS cells were simultaneously transfected with control or Mdm2 siRNA and treated with doxorubicin or actinomycin D. In unstressed cells, two independent duplexes of oligonucleotides targeting Mdm2 caused an upregulation of Cdc25C, as previously shown. However, the reduction in Cdc25C protein levels by doxorubicin or actinomycin D was as (or more) efficient in cells with downregulated Mdm2, compared with the control transfected cells (Supplementary Figures S5a and b) . Importantly, ablation of Mdm2 resulted in significantly higher levels of p21 following stress. p21 is a strong component in the downregulation of Cdc25C during the DNA damage response 23 and the increased p21, as well as other possible redundant mechanisms, likely compensated for the decreased Mdm2 levels, leading to the reduced Cdc25C levels observed. Indeed, p21 ablation in U2OS cells markedly impaired this effect (data not shown).
DISCUSSION
Cdc25C is a member of the family of phosphatases that remove inhibitory phosphates from cyclin-dependent kinases at Thr14 and Tyr15, a rate-limiting step in the activation of Cdc2 kinase and progression into mitosis. Being an important player at the G2/M transition, Cdc25C is a target of checkpoint pathways and its activity is regulated in different ways, including transcriptional repression, post-translational modification, subcellular localization and protein destabilization. 50 The cdc25C gene is a target of the p53 tumor suppressor and has been shown to be transcriptionally repressed following treatment with DNA damaging agents in a p53-dependent manner. [19] [20] [21] [22] [23] [24] Moreover, its repression by p53 has been shown to be required for a proper G2 arrest. 23 Here, Cdc25C protein levels were downregulated in a p53-dependent manner in multiple cell lines in response to different stimuli. This is distinct from Cdc25A, which is degraded after DNA damage in a p53-independent manner. 51 Treatment of p21-null HCT116 cells with doxorubicin caused a decrease in Cdc25C protein levels without changes in its mRNA levels 23 ( Figure 1d and e) . This revealed a distinction between Cdc25C mRNA and protein levels, and suggested the existence of an additional p53-dependent mechanism for the regulation of Cdc25C protein. Examination of Cdc25C half-life in DNA damaged cells showed that the p53-dependent downregulation of Cdc25C by doxorubicin, in addition to the previously described transcriptional repression, involves another mechanism that affects Cdc25C protein stability (Figure 1 f) . These results are consistent with a previously published report where Cdc25C was shown to be destabilized in U2OS cells following irradiation. 52 After p53 stabilization by siRNA-mediated downregulation of Mdm2 in U2OS cells, cdc25C mRNA was repressed but Cdc25C protein was not downregulated (Figure 2a and b) . One explanation is that there is increased stability of Cdc25C protein under these conditions that compensated for the reduction in mRNA levels. Cdc25C was found also upregulated in the p53-null cells H1299, showing that Mdm2 regulates Cdc25C protein levels independently of p53 (Figure 2f ). Of note, consistent with the fact that in untreated cells p53 levels are maintained low and the protein is transcriptionally inactive, and that basal Mdm2 levels in wild-type and p53-null cells are comparable, basal Cdc25C levels were also similar in the tested cell lines, regardless of their p53 status.
Co-transfection studies in H1299 cells showed that Mdm2 was capable of decreasing Cdc25C stability and reducing Cdc25C protein levels (Figures 3a and c) . In addition, Cdc25C can be found in cells forming a complex to Mdm2 (Figures 4a and b and Supplementary Figure S4a) . The upper band of the Cdc25C doublet has been reported to correspond to the serine 216 phosphorylated form of Cdc25C that can be retained in the cytoplasm through binding to 14-3-3 proteins. 37, 38 Chk1 has been proposed to be one of the kinases that modify this residue following DNA damage and G2 checkpoint activation. 53 Interestingly, Mdm2 preferentially reduces the lower band of the Cdc25C doublet (Figures 3a and b and Supplementary Figures S3b and c) . This observation is consistent with the nuclear localization of Mdm2 and suggests that Mdm2 could therefore target the 216 unphosphorylated Cdc25C that has failed to be relocated to the cytoplasm.
Using ts20 cells, a functional E1 ubiquitin-activating enzyme was shown to be dispensable for the effect of Mdm2 on Cdc25C, indicating that this regulation occurs in a ubiquitin-independent manner (Figure 4d ). The C464A ligase-defective mutant of Mdm2 was able to interact with Cdc25C and reduce its ubiquitination. Compared with wild-type Mdm2, the C464A mutant was less efficient at decreasing the half-life and promoting the degradation of Cdc25C, specially considering its much higher expression levels (Figures 3b, c and 4d, and Supplementary Figure S1e) . This could be due to the C464A mutant itself retaining partial ability to degrade Cdc25C, or to an indirect stabilizing effect on endogenous Mdm2. A similar scenario where integrity of the Mdm2 RING domain was required for efficient ubiquitin-independent degradation of a substrate was described in the case of pRb. In that report, this observation was attributed to the fact that C464A-Mdm2 was impaired in, but not completely devoid of, its ability to interact with the C8 subunit of the proteasome. 43 Mdm2 has also been shown to induce a conformational change in p21 that increases its interaction with the C8 subunit. 32 Several studies have reported regulation of Cdc25C protein stability in response to a variety of agents that induce G2 arrest such as arsenite, 40 isothiocyanates like sulforaphane, 31 PEITC, 41 vanadate 54 and infection with adeno-associated virus. 55 p14ARF was shown to induce a p53-independent cell cycle arrest at the G2 phase by a mechanism that involved ERK1/2 activation and Cdc25C protein degradation. 56 Uncapped telomeres activated the ATM/ATR-Chk1/Chk2 pathway and promoted Cdc25C degradation, preventing mitotic entry. 57 BRCA1 overexpression in p53 wild-type MCF-7 cells led to a G2 arrest that was accompanied by activation of ERK1/2 and a decrease in Cdc25C protein. Here, the BRCA1/BARD1 complex was identified as an E3 ligase for Cdc25C. 58, 59 In all of these studies, the decrease in Cdc25C protein levels was mediated by the proteasome, and some of these reports provided evidence of ubiquitination of Cdc25C. 40, 56, 58 The results presented here describe a new mechanism of degradation for Cdc25C through a ubiquitin-independent pathway and identify Mdm2 as a key player in this process. Of note, the observations made in U2OS and HCT116 cells on Cdc25C stability are p14ARF-independent, since these cells lines do not express p14ARF. 60, 61 However, as ARF is known to inhibit Mdm2, its overexpression caused upregulation of Cdc25C (Supplementary Figure 2a) .
Mdm2 is overexpressed in several types of tumors, and its overexpression or amplification has been hypothesized to inactivate the p53 pathway in these cancers. Mdm2 also has p53-independent activities and promotes the degradation of other proteins involved in cell proliferation including pRb and E2F-1. 30, 43, [62] [63] [64] [65] [66] [67] In contrast, other studies have suggested a growth-suppressive role for Mdm2 or some of its splice variants. 11 Overexpression of Mdm2 has been shown to induce G1 arrest in some cell lines. 12, 13, 17 Stable overexpression of Mdm2 in H1299 cells containing an inducible p53 improved the G2 arrest of these cells following induction of p53.
16 Mdm2 splice variants have been shown to act in a dominant-negative manner resulting in activation of p53. 68, 69 Contradictory results have been reported about the effect of Mdm2 on the p53 family member p63. [70] [71] [72] On the other hand, Mdm2 has been reported to stabilize another family member p73 and to enhance its activity. 73 In the same way Mdm2 exhibits both growth promoting and suppressive activities, the biological significance of the negative regulation of Cdc25C by Mdm2 is potentially double. First, it is attractive to envision Mdm2 as an effector of p53, contributing, together with p21, to the downregulation of Cdc25C through a new mechanism during the DNA damage response. Many reports have provided evidence that Mdm2 cooperates with p53 and is not just one of its negative regulators. Mdm2 functions as a ubiquitin ligase of the IGF-R1, a target of repression by p53. Mdm2 also targets MdmX for proteasomal-dependent degradation following DNA damage. 49, 75 MdmX, like Mdm2, can inhibit p53 transcriptional activity by binding to its transactivation domain, and its degradation by Mdm2 was suggested to ensure p53 optimal activation. 49 More recently, several studies have reported new activities of Mdm2 that might have a role in the p53 decision-making process, notably growth arrest vs apoptosis. 27, [76] [77] [78] Although not ruling out the possibility, the results reported here failed to demonstrate an involvement of Mdm2 in the downregulation of Cdc25C in the DNA damage response. Unfortunately, the multiplicity, different timing and likely redundancy of mechanisms, as well as the complex interplay between the factors involved, make it extremely difficult to assess the exact contribution of each one of them to this process. The dual p53-and p21-dependent transcriptional repression of Cdc25C, the regulatory effect of Mdm2 on p21, p53-independent regulatory mechanisms and possibly the Mdm2-mediated degradation of Cdc25C create an intricate scenario hard to dissect. Furthermore, the Cdh1-APC E3 ligase has been shown to become activated after X-irradiation and to have a crucial role in the maintenance of the G2 arrest. 79 As APC has already been implicated in the degradation of Cdc25C through its KEN box, this could constitute yet another mechanism of regulation of Cdc25C following DNA damage.
Another potential implication of the regulation of Cdc25C by Mdm2 is related to Mdm2's role as an oncogene. Work by Vecchione and colleagues identified the Cdc2/Cdc25C complex as a target of the tumor suppressor Fez1/ Lzts1. Destabilization of Cdc25C in the absence of Lzts1 was associated to reduced Cdc2 activity, accelerated mitotic progression, improper chromosome segregation and increased tumor susceptibility in mice. 42 The results presented in this study suggest that increased degradation of Cdc25C by aberrant expression of Mdm2 could similarly contribute to tumor development. Supporting this idea, targeted overexpression of Mdm2 to breast epithelial cells of transgenic mice inhibited normal development by arresting cells in S-phase, but also caused polyploidy in a fraction of cells. 15 Interestingly, a mathematical model has been generated in an attempt to elucidate the mechanisms by which Mdm2 overexpression leads to uncoupling of DNA synthesis and mitosis, resulting in polyploidy. This led to the prediction that Mdm2 could cause polyploidy by interfering with Cdc25C activity. 80 Consistent with this, megakaryocytes downregulate Cdc25C expression as they become polyploid. 81 In conclusion, the results presented in this study show Cdc25C to be a target of degradation by Mdm2 through a ubiquitinindependent pathway. Due to its ability to promote Cdc25C degradation, p53-induced Mdm2 may cooperate with p53 to regulate cellular Cdc25C levels following DNA damage. Furthermore, Mdm2 could ensure Cdc25C downregulation even in cases where p53 repression of the gene may be impaired owing to celltype specific conditions. On the other hand, uncontrolled degradation of Cdc25C resulting from Mdm2 amplification and overexpression could constitute one of the mechanisms by which it functions as an oncogene.
MATERIALS AND METHODS

Cells and drugs
U2OS, HCT116, G361, WI-38, H1299, LS141 and SW872 cell lines were purchased from ATCC. p53-and p21-null HCT116 cell lines and p53 − / − and p53/Mdm2 − / − mouse embryonic fibroblasts were generous gifts from B Vogelstein and G Lozano, respectively. ts20 cells were kindly provided by H Ozer. Cells were grown in Dulbecco's modified Eagle's medium, containing 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin. Control and p53 shRNA stable cell lines were generated by co-transfection of either TranSilent control or p53 shRNA vectors (Panomics, Santa Clara, CA, USA) and pBabe-Puro. Doxorubicin, actinomycin D, cycloheximide, MG132 and N-ethylmaleimide were purchased from Sigma (Billerica, MA, USA). Nutlin-3 (racemic mix) was purchased from Sigma.
Plasmids pEF-HA-Ub encodes HA-tagged ubiquitin under control of the eEF2 promoter and was a gift from Z Pan. All other expression plasmids were driven by the CMV promoter and encoded the corresponding human proteins. The pCMV-flag-Mdm2 and pCMV-Mdm2 plasmids, expressing flag-tagged and untagged human Mdm2, respectively, were a gift from Z Ronai. The pCMV-flag-C46A-Mdm2 and pCMV-flag-Cdc25C derived mutant plasmids were generated by site-directed mutagenesis based on the protocol of the QuickChange Site-Directed Mutagenesis Kit (StratageneAgilent, Santa Clara, CA, USA) or previously described. 82 siRNA and plasmid transfections For siRNA transfections, Mdm2 and Cdc25C pools or individual RNA oligonucleotides were purchased from Dharmacon (Lafayette, CO, USA) and used according to the manufacturer's instructions at a final concentration of 100 nM. U2OS and WI-38 cells were transfected using Oligofectamine, and G361 and H1299 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. For plasmid DNA, H1299 cells were transfected using Lipofectamine Reagent (Invitrogen).
Immunoblotting
Cells were washed and harvested in phosphate-buffered saline (PBS), then lysed in 50 mM Hepes, pH 7.5, 1% Triton X-100, 150 mM NaCl, 1 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin and 50 μg/ml aprotinin. Equal amounts of proteins were electrophoresed on SDS-PAGE, transferred to nitrocellulose membranes (BioRad, Hercules, CA, USA) and blotted with anti-p53 (DO-1), anti-p21 (C-19), anti-Cdc25C (H-6, C-20), anticdc2 (17), anti-cyclin B1 (GNS1) from Santa Cruz Biotechnology Inc (Dallas, TX, USA). Anti-Mdm2 (Ab-1) and anti-actin (Ab-1) were from Calbiochem (Billerica, MA, USA), and anti-flag (M2) was from Sigma (St. Louis, MO, USA). Secondary anti-mouse, and anti-rabbit antibodies were from ICN Biomedicals Inc (Irvine, CA, USA). The signal was detected using the enhanced chemiluminescence detection reagent from Amersham Life Sciences (Pittsburgh, PA, USA).
Protein half-life determination
Cells were treated with doxorubicin or transfected as indicated. Twentyfour hours later, cells were treated with 100 μg/ml cycloheximide and harvested at the indicated time points. Cells were lysed and protein levels assayed as described for immunoblotting. Bands were quantitated by densitometry using a GS-800 Calibrated Densitometer and Quantity One software (Biorad).
Cdc2 kinase assays
Method is as previously described 27 using 200-500 μg of proteins that were immunoprecipitated with 5-10 μl of anti-cyclin B1 (GNS1) antibodies and 40-50 μl of 50% slurry of protein A-Sepharose (Amersham BioSciences, Little Chalfont, UK).
RNA extraction and RT-PCR
RNA was extracted using RNeasy Kit (Qiagen, Hilden, Germany). Immediately after extraction, 1-2 μg of RNA were used for cDNA synthesis with SuperScript II (Invitrogen) according to the manufacturer's instruction. Semi-quantitative PCR for cdc25C and GAPDH was performed as described. 23 Quantitative real-time PCR was done using the following PCR primers on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA) cdc25C: 5′-GGCCAAGGAAAGCTCAGG-3′/5′-GCCCCTGGTTAGAATCTTCC-3′; GAPDH: 5′-CAATGACCCCTTCATTGACC-3'/5'-GATCTCGCTCCTGGAAGATG-3′. The reactions were performed in quadruplicates. The median of the cdc25C replicates was normalized using the median of the GAPDH replicates. Fold-induction was calculated as 2 (GAPDHmedian − cdc25Cmedian)treated
Flow cytometry
Cells were fixed in 70% ethanol, washed and then incubated in PBS in the presence of 20 μg/ml propidium iodide and 1 mg/ml RNase A. Cell cycle distribution was analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) using CellQuest software (BD Biosciences, Franklin Lakes, NJ, USA). When indicated, cells were synchronized at G1/S by incubation with 2.5 mM thymidine for 36 h. Cells were then washed twice with PBS and released by addition of growth medium.
Immunoprecipitations
In total, 100 mm dishes of H1299 cells were transfected with 1.5 μg of pCMV-flag-Cdc25C and 1.5 μg of pCMV-flag-C464A-Mdm2 expression vectors using Lipofectamine Reagent (Invitrogen) for 24 h. A total of 150 mm dishes of LS141 cells were treated with 10 μM MG132 for 4-5 h. Cells were harvested in PBS and lysed as described for immunoblotting, with addition of phosphatase inhibitors (15 mM PNPP, and 0.1 mM sodium orthovanadate, 0.1 M sodium fluoride). Protein extracts (1-3 mg) were incubated with 4 μl of anti-Mdm2 (SMP14, Santa Cruz), anti-Cdc25C (H-6 or C-20) or a control antibody and 40 μl of 50% slurry of protein G Sepharose 4 Fast Flow beads (Amersham Biosciences) in a final volume of 600 μl of lysis buffer, and rocked at 4°C for 2 h. Beads were washed three times with 25 mM Tris-HCl pH 7.8, 50 mM NaCl, 0.5% sodium deoxycholate, 0.2% NP-40, resuspended in 40 μl of 1 × protein sample buffer, and heated to 95˚C for 5 min. Immunocomplexes were resolved in 10% polyacrylamide gels and analyzed by immunoblotting using anti-Mdm2 (Ab-1) and antiCdc25C (C-20).
Detection of ubiquitinated Cdc25C in cells 150 mm dishes of H1299 cells were transfected with 2.5 μg of pCMV-flagCdc25C, 0.615 μg of pCMV-flag-p53, 5 μg of pCMV-Mdm2, 10 μg of pEF-HA-Ub expression vectors, and total amount of DNA was normalized using a pCMV empty vector. After 24 h of transfection, indicated dishes were treated with 40 μM MG132 for 5 h prior to harvesting. Cells were harvested in PBS and lysed in radioimmunoprecipitation assay buffer (5 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 5 mM ethylenediaminetetraacetic acid) with protease inhibitors as described for immunoblotting and 10 mM N-ethylmaleimide. Protein extracts (250-750 μg) were incubated with 5 μg of anti-flag antibody (M2) and rocked overnight at 4˚C. In total, 30 μl of 50% slurry of protein G Sepharose 4 Fast Flow beads were added and the samples were rocked for 2 h. Beads were collected by a brief spin and washed three times with 1 ml of RIPA buffer, and three times with 1 ml of NET-gel buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.25% gelatin and 0.1% NP-40) for 5 min. Beads were finally resuspended in 30 μl of 2 × protein sample buffer, and heated to 95˚C for 5 min. Samples were resolved in 8% polyacrylamide gels and analyzed by immunoblotting using anti-HA (clone 12CA5, Roche, Basel, Switzerland). Input was analyzed in separate gels and probed with anti-flag, anti-HA and anti-Mdm2 antibodies.
